Nitric oxide (NO) is an essential vasodilator. In vascular diseases, oxidative stress attenuates NO signaling by both chemical scavenging of free NO and oxidation and downregulation of its major intracellular receptor, the ␣␤ heterodimeric heme-containing soluble guanylate cyclase (sGC). Oxidation can also induce loss of the heme of sGC, as well as the responsiveness of sGC to NO. sGC activators such as BAY 58-2667 bind to oxidized/heme-free sGC and reactivate the enzyme to exert disease-specific vasodilation. Here, we show that oxidation-induced downregulation of sGC protein extends to isolated blood vessels. Mechanistically, degradation was triggered through sGC ubiquitination and proteasomal degradation. The heme-binding site ligand BAY 58-2667 prevented sGC ubiquitination and stabilized both ␣ and ␤ subunits. Collectively, our data establish oxidation-ubiquitination of sGC as a modulator of NO/cGMP signaling and point to a new mechanism of action for sGC activating vasodilators by stabilizing their receptor, oxidized/heme-free sGC. (Circ Res. 2009;105:33-41.)
O ne major risk factor for the development of cardiovascular diseases, such as coronary heart disease, stroke, and myocardial infarction, is an imbalance of the production and elimination of reactive oxygen species, also termed as oxidative stress. [1] [2] [3] As a consequence, the nitric oxide (NO)/ cGMP signaling cascade is impaired, eg, through the excessive production of superoxide, which reacts with NO in a diffusion-limited reaction, yielding peroxynitrite. 4 The biological impact of NO scavenging is further aggravated by the progressive inhibition and downregulation of the NO receptor soluble guanylate cyclase (sGC). [5] [6] [7] [8] [9] Circumstantial evidence has implicated proteasomal pathways in this downregulation of sGC. 10 -12 Conversely, a novel class of sGC activators, represented by BAY 58-2667, are potentiated under oxidative stress conditions and represent thus an entirely new diseasespecific vasodilator class. 13 sGC is a heterodimer consisting of an ␣ and a Fe 2ϩ /hemecontaining ␤ subunit that complexes NO with high affinity and specificity. 14 Binding of NO to the Fe 2ϩ /heme results in allosteric activation of the enzyme and enhanced conversion of GTP into the vasorelaxant and antiproliferative second messenger cGMP. 14, 15 In vitro experiments have demonstrated that oxidation of sGC heme to its ferric (Fe 3ϩ ) form by the sGC inhibitor 1H- [1, 2, 4] -oxadiazolo [3,4-a] quinoxalin-1one (ODQ) attenuates NO-mediated cGMP production, suggesting that the ferro (Fe 2ϩ ) form of sGC is crucial for activation by NO. 16 -18 In addition, studies with primary endothelial and smooth muscle cells have revealed that, within 24 hours, ODQ causes a dramatic decrease in sGC protein levels. 13 Similar results were obtained with other oxidizing compounds such as methylene blue or the peroxynitrite donor 1,3-morpholino-sydnonimine hydrochloride (SIN-1), indicating that oxidative stress triggers downregulation of sGC protein levels. 13 At present, the molecular mechanisms underlying the degradation of heme-oxidized sGC remain unknown. It has been speculated that heme oxidation destabilizes sGC, rendering it susceptible to the ubiquitin-proteasome machinery. 13 Interestingly, the NO-independent sGC activator and vasodilator compound 4-[((4-carboxybutyl){2-[(4-phenethylbenzyl)oxy]phenethyl} amino)methyl] benzoic acid (BAY 58-2667) 19, 20 binds with high affinity to the heme pocket of the enzyme and subsequently abrogates the effects of heme-oxidizing compounds on sGC protein levels. 13 This may point to a novel mechanism of action for this new compound.
In the present work, we therefore aimed to elucidate the molecular mechanism underlying the effects of heme oxidation-induced protein degradation of the ␣ 1 ␤ 1 sGC isoform. Specifically, we wanted to address 3 main questions: (1) whether ODQ-induced sGC downregulation occurs via the ubiquitin-proteasome pathway; (2) whether CHIP (carboxyl terminus of heat shock protein (Hsp)70 interacting protein) is involved as an E3 ligase for sGC ubiquitination; and (3) whether any stabilizing effects of BAY 58-2667 on sGC protein levels may provide new insights into the mode of action of this important new pharmacological vasodilator principle.
Materials and Methods
An Materials and Methods section is available in the Online Data Supplement at http://circres.ahajournals.org. Care and use of animals was in accordance with institutional guidelines.
Antibody Production
Antisera to human ␣ 1 and ␤ 1 subunits were raised in rabbits (␣ 1 : AS587, AS558; ␤ 1 : AS566, AS556) or mice (␣ 1 : AS613; ␤ 1 :AS614). Monoclonal antibody to ␤ 1 (clone 5A5) was produced in mouse. Alternatively, antisera to human ␣ 1 (SA3093) and ␤ 1 (SA2934) were used. 21
Construction of Expression Plasmids
Expression plasmids coding for human ␣ 1 (pSG8-␣ 1 ) or ␤ 1 (pEDmtxr-␤ 1 ) were generated as described. 22 The cDNAs for myctagged CHIP (myc-CHIP) and hemagglutinin-tagged ubiquitin (HA-Ub) were kindly provided by Dr Ivan Dikic (Institute of Biochemistry II, University of Frankfurt, Germany). For the expression of myc-tagged red fluorescent protein (myc-RFP), the RFP-cDNA was subcloned into pcDNA3myc.
Transfection and Cell Culture
HEK293, COS-1, and HEK293 cells stably expressing human sGC ␣ 1 ␤ 1 (HEK-sGC) 13 were cultured in DMEM with 10% FCS. Transient transfection of COS-1 cells was performed with DEAEdextrane. 22 HEK293 and HEK-sGC cells were transfected using Metafectene (Biontex Laboratories, Martinsried, Germany) according to the instructions of the manufacturer. Incubations of cells with 10 mol/L ODQ, 10 mol/L BAY 58-2667, or 0.5 mol/L MG132 were done 6 to 24 hours after transfection for the indicated time points. Nontransfected cells were treated with 1 to 5 mol/L ODQ, 5 mol/L BAY 58-2667, 5 mol/L NS2028, 0.2 mol/L epoxomicin, 0.5 mol/L MG132, or 5 mol/L lactacystin 24 hours after being plated.
Tissue Preparation
Aortae from 16-to 20-week-old Wistar Kyoto (WKY) (8 to 10 rats) or spontaneously hypertensive rats (SHR) (3 to 5 rats) were excised, cut into rings, and placed in DMEM supplemented with 10% FCS with or without 10 mol/L ODQ or NS2028 and/or 10 mol/L BAY 58-2667 for 20 hours. Prior incubation with ODQ/NS2028 and BAY 58-2667, aortic rings were incubated for 30 minutes with 10 mol/L BAY 58-2667 alone. Medium was aspirated, and tissues were frozen in liquid nitrogen and minced. Tissue powder was added to 0.3 mL of sample buffer (5% glycerol, 2.5% mercaptoethanol, 1.5% SDS, 50 mmol/L Tris-HCl [pH 8.0], 0.05 mg/mL bromophenol blue), sonicated and heated (10 minutes, 95°C). Samples were centrifuged (15,000g, 10 minutes) and subjected to SDS-PAGE (40 g/lane). Protein concentrations were determined using the RC DC protein assay (Bio-Rad, Hercules, Calif).
Aortic cGMP
For determination of cGMP content, aortic rings from WKY or SHR rats were used and treated for 20 hours with 10 mol/L ODQ and/or 10 mol/L BAY 58-2667 in DMEM including 10% FCS, followed by stimulation for 10 minutes with or without 30 mol/L DEA/NO in the presence of phosphodiesterase inhibitor 3Ј-isobutylmethylxanthine (IBMX) (1 mmol/L). Determination of vascular cGMP content was performed as described. 23 
Immunoprecipitation and Western Blotting
For immunoprecipitation, cells from a 60-mm dish were lysed with 0.5 mL immunoprecipitation buffer (50 mmol/L Hepes [pH 7.5], 150 mmol/L NaCl, 1 mmol/L EGTA, 10% glycerol, 1% Triton X-100, 5 mmol/L N-ethylmaleimide, 1 mmol/L phenyl methyl sulfonyl fluoride [PMSF], supplemented with complete protease inhibitor cocktail). Cellular debris was pelleted (20,000g, 15 minutes), and the lysate was incubated with corresponding antisera for 4 to 14 hours at 4°C under rotation. Antibodies were precipitated with protein A/G PLUS-agarose. To detect ubiquitinated ␣ 1 or ␤ 1 , beads were washed with 1 mL each of buffer A (10 mmol/L Tris-HCl [pH 8.5], 600 mmol/L NaCl, 0.1% SDS, 0.05% NP-40), buffer B (0.5% Na-deoxycholate in PBS, 1% Triton X-100), buffer C (buffer B containing 2 mol/L KCl), and twice with 1 mL of 0.1ϫ PBS. All buffers included 5 mmol/L N-ethylmaleimide and 1 mmol/L PMSF. Under these stringent washing conditions, ␣ 1 or ␤ 1 subunit but not the holoenzyme was present in the immunoprecipitate using anti-␣ 1 or anti-␤ 1 . To monitor interaction of sGC with CHIP, agarose beads were washed 3ϫ with 1 mL each of immunoprecipitation buffer. Under these less stringent conditions, the holoenzyme was retained in the immunoprecipitate using antibodies to ␣ 1 or ␤ 1, as evidenced by SDS-PAGE and Western blotting (WB). 24 To prepare total cell lysates, cells from a 60 mm dish were lysed in 0.5 mL sample buffer, sonicated and heated (10 minutes, 95°C). Before loading to the gel, samples were centrifuged (15,000g, 5 minutes).
Data Analysis and Statistics
Data are expressed as meansϮSEM of n independent experiments. Differences were assessed by 1-way ANOVA, and statistical significance was set at PϽ0.001. Statistical calculations were performed with Origin 6.1 software (OriginLab Corp, Northampton, Mass).
Results sGC Heme Oxidation Decreases sGC Protein Levels in Rat Aorta
First, we wanted to extend our previous in vitro observations 13 of a modulating effect of the well characterized heme oxidant ODQ and of BAY 58-2667 on sGC protein levels to isolated blood vessels. Rat aortic rings from WKY or SHR rats were incubated for 20 hours with 10 mol/L ODQ and BAY 58-2667, alone or in combination. DMSO was used as control. In the presence of ODQ, sGC protein levels in WKY and SHR aortic rings were drastically reduced, whereas endothelial nitric oxide synthase (eNOS) and GAPDH levels remained unchanged ( Figure 1A and 1B). Importantly, exposure of aortic rings to equimolar concentrations of both ODQ and BAY 58-2667 attenuated sGC downregulation. Hence, ODQ-induced decrease of sGC protein levels and its attenuation by BAY 58-2667 can be consistently observed in vascular cells, 13 as well as in intact aorta.
To investigate whether these findings at the protein level relate to sGC activity, we performed cGMP assays. Aortic rings from WKY or SHR rats were again treated for 20 hours with ODQ (10 mol/L) and/or BAY 58-2667 (10 mol/L) but now followed by a 10 minutes stimulation with or without 30 mol/L DEA/NO in the presence of PDE inhibitor IBMX (1 mmol/L). Consistent with our observations on sGC protein levels, ODQ drastically reduced NO-induced cGMP levels as compared to control ( Figure 1C ). In the presence of BAY 58-2667 alone or of both ODQ and BAY 58-2667, NOinduced cGMP levels were significantly elevated compared to aortic rings exclusively treated with ODQ. Hence, sGC protein levels correlate with functional activity of the enzyme, and both are redox-regulated in a BAY 58-2667 reversible manner.
HEK-sGC Cells Serve As a Model to Study sGC Turnover
To obtain a reliable cellular system to investigate the mechanisms of sGC turnover, we examined whether the same phe-nomena occur in a transfectable human cell line overexpressing sGC. Using HEK293 cells producing high levels of human sGC (HEK-sGC), we observed drastic effects on sGC protein levels on treatment with 5 mol/L ODQ, 5 mol/L BAY 58-2667, or the combination of both for 16 hours, whereas GAPDH levels remained unchanged (Figure 2A and 2B). ODQ strongly downregulated sGC protein under these conditions. In marked contrast, BAY 58-2667 increased sGC levels well above control. Exposure to equimolar concentrations of both ODQ and BAY 58-2667 fully inhibited the sGC downregulation induced by ODQ alone and further enhanced sGC protein levels almost to those seen with BAY 58-2667 alone. Thus HEK-sGC cells mimic native cells and ex vivo tissues with respect to heme oxidation-induced sGC downregulation. 
ODQ-Induced Downregulation Is a Class Effect of sGC Heme Oxidants
To exclude that observed effects of ODQ on sGC protein levels are specific for this oxidant, we did similar experiments using the sGC inhibitor and heme oxidant 4H-8-bromo-1,2,4oxadiazolo(3,4-d) benz(b) [1, 4] oxazin-1-one (NS2028). 25, 26 Treatment of HEK-sGC cells with 5 mol/L NS2028 resulted in downregulation of sGC, which was inhibited by BAY 58-2667 (Figure 2A and 2B). Similar results were obtained when rat aortic rings were used. In the presence of NS2028, sGC protein levels were potently reduced, whereas eNOS and GAPDH levels remained nearly unaffected ( Figure 2C ). Addition of BAY 58-2667 again attenuated the NS2028induced downregulation of sGC. These data suggest that ODQ-induced downregulation extends to the sGC oxidant, NS2028 and therefore appears to be a class effect of these reagents.
sGC Heme Oxidation Induces Proteasomal Degradation
We next examined whether proteasomal degradation is involved in oxidation-induced sGC degradation. HEK-sGC cells were incubated for 16 hours with ODQ in the absence or presence of proteasomal inhibitors epoxomicin, MG132, or lactacystin ( Figure 3A and 3B ). All inhibitors elevated sGC levels in the absence of ODQ, indicating that proteasomal turnover of sGC is physiological and operates under normal, ie, nonoxidative conditions. Importantly, each of the inhibitors reversed the ODQ-induced decline in sGC protein, suggesting that the ODQ-mediated sGC downregulation was attributable to increased proteasomal degradation of both cyclase subunits ( Figure 3A and 3B ).
sGC Oxidation Leads to Ubiquitination in a BAY

58-2667-Reversible Manner
We next addressed whether sGC is prone to ubiquitination and whether this may serve as a trigger for sGC degradation. HEK-sGC cells overexpressing HA-Ub were incubated for 4 hours in the absence or presence of 0.5 mol/L MG132. After cell lysis, sGC ␤ 1 (75 kDa) was immunoprecipitated using subunit-specific antibodies, followed by WB with anti-HA ( Figure 4A ). In the presence of HA-Ub, the immunoblot revealed a ladder of bands beyond 75 kDa, most likely representing different polyubiquitinated forms of sGC. Addition of the proteasomal inhibitor MG132 resulted in a further accumulation of ubiquitinated sGC forms ( Figure 4A ). Thus, under our experimental conditions, constitutive ubiquitination and subsequent degradation of sGC appears to be a major pathway of sGC turnover. To study the effects of ODQ and BAY 58-2667 on sGC ubiquitination, we incubated HEK-sGC cells overexpressing HA-Ub for 3 hours with 10 mol/L ODQ and/or BAY 58-2667 ( Figure 4B ). Controls using anti-HA showed similar expression levels of HA-Ub ( Figure  I in the Online Data Supplement). ODQ considerably en- Figure 4B ). This inhibitory effect of BAY 58-2667 on sGC ubiquitination was even more prominent when cells were incubated for extended periods (16 hours) with this compound ( Figure 4C ). Thus, BAY 58-2667 seems to stabilize sGC protein by preventing its ubiquitination and subsequent proteasomal degradation.
Both sGC Subunits Undergo Polyubiquitination
Next, we wanted to investigate in more detail whether both sGC subunits are targeted for degradation by ubiquitination. Thus, we used COS-1 cells transfected with cDNAs encoding human ␣ 1 or ␤ 1 , in the presence or absence of HA-Ub ( Figure  5 ). Following immunoprecipitation with anti-␣ 1 or anti-␤ 1 , WB analyses revealed a strong poly-ubiquitination of ␤ 1 and to a lesser extent of ␣ 1 (Figure 5 ). Similar results were obtained when both sGC subunits were coexpressed with HA-Ub; again, ubiquitination of ␤ 1 was more prominent than that of ␣ 1 (Figure 5 ). To verify ubiquitination of ␤ 1 by mass spectrometry (MS), we used COS-1 cells overexpressing ␤ 1 in the absence or presence of HA-Ub. Immunoprecipitation with anti-␤ 1 followed by WB with the same antibody revealed ␤ 1 and its monoubiquitinated forms, ␤ 1 -Ub and ␤ 1 -HA-Ub (Online Figure II Table I ). Two peptides of m/z 1523.82 and 2130.19 of the 77-kDa protein were assigned to ubiquitin by MALDI-TOF/ TOF MS/MS with a protein score of 53. Hence, ␤ 1 is the predominant ubiquitination target of sGC that undergoes monoubiquitination and possibly also polyubiquitination, as implied by the characteristic protein ladder.
E3 Ligase CHIP Interacts With and Ubiquitinates sGC
Finally, we wanted to identify a candidate E3 ubiquitin ligase mediating the observed sGC ubiquitination. The molecular chaperones Hsp90 and Hsp70 are well-established binding partners of both sGC 10, 27, 28 and the ubiquitin-protein ligase CHIP. 29, 30 We therefore considered CHIP a prime candidate for an sGC E3 ligase. To test whether cochaperone CHIP physically interacts with sGC in mammalian cells, we cotransfected COS-1 cells with constructs encoding myc-tagged CHIP and human sGC. Immunoprecipitation with anti-myc followed by WB with anti-␣ 1 and anti-␤ 1 revealed the association of CHIP with sGC ( Figure 6A) . Similarly, immunoprecipitation with anti-␤ 1 followed by WB with anti-myc revealed a complex between CHIP and sGC (Online Figure  III, A) . The interaction of myc-CHIP with sGC was also observed in HEK-sGC cells that had been transfected with myc-CHIP (data not shown).
Having established that sGC directly or indirectly associates with CHIP, we tested whether CHIP also impacts on sGC protein levels. Indeed, coexpression of human ␣ 1 ␤ 1 with increasing amounts of myc-tagged CHIP and decreasing amounts of control protein myc-RFP in COS-1 cells revealed a gradual decline in sGC protein levels ( Figure 6B ). To test whether overexpression of CHIP enhances sGC ubiquitination, we used lysates of COS-1 cells coexpressing sGC and myc-tagged CHIP, alone or in combination, and in the absence or presence of HA-Ub. Immunoprecipitation was performed with anti-␤ 1 , followed by WB with anti-HA ( Figure 6C ; Online Figure III, B) . In the presence of myc-CHIP, sGC ubiquitination was enhanced. Similar results were obtained with HEK-sGC cells coexpressing HA-Ub and myc-CHIP (data not shown), suggesting that CHIP may indeed serve as a major E3 ligase for sGC.
Collectively, our results demonstrate that heme oxidation via ODQ results in a drastic decrease of sGC protein, most likely through CHIP-mediated ubiquitination and subsequent proteasomal degradation of sGC. Importantly, the sGC acti- A, HEK-sGC cells were transfected with HA-tagged ubiquitin (HA-Ub) and incubated 24 hours after transfection for 4 hours in the absence or presence of 0.5 mol/L MG132. Immunoprecipitation (IP) was performed with anti-␤ 1 (AS556), followed by WB with anti-HA or anti-␣ 1 ␤ 1 (AS587/ AS566; top gels). For control, cell lysates were probed with anti-␣ 1 ␤ 1 or anti-HA (bottom gels). HEK293 (HEK) and HEK-sGC cells transfected with HA-Ub were treated 24 hours after transfection for 3 hours with 10 mol/L ODQ and/or BAY 58-2667 (B) or 6 hours after transfection for 16 hours with 10 mol/L BAY 58-2667 (C). Immunoprecipitation was performed with anti-␤ 1 (AS556), followed by WB with anti-HA or anti-␤ 1 (5A5). For control, cell lysates were probed with anti-␣ 1 ␤ 1 (AS587/AS566). Lysates were also probed with anti-HA or anti-GAPDH (Online Figure I) . Representative blots of at least 3 independent experiments are shown.
vator and disease-specific vasodilator BAY 58-2667 can rescue this effect through stabilization of sGC, thereby protecting a key player of the NO/cGMP signaling under adverse oxidative conditions.
Discussion
Oxidative stress and enhanced generation of reactive oxygen species are major pathogenic factors in cardiovascular disease states associated with an attenuated NO/cGMP signaling pathway. [1] [2] [3] At present, 3 major mechanisms have been demonstrated to cause downregulation of NO-mediated cGMP production: (1) reduced bioavailability of NO attributable to the reaction of superoxide with NO 4 ; (2) oxidation of the sGC heme moiety to its NO-insensitive ferric state, a reaction that can be reversed by reducing agents such as dithionite 17 ; and (3) irreversible loss of the enzymatic capacity by downregulation of sGC protein levels. [5] [6] [7] [8] Here, we provide evidence that the latter 2 processes are related in that sGC heme oxidation causes ubiquitination and subsequent proteolytic degradation of sGC.
Downregulation of sGC in response to oxidative stress and heme oxidation appears to be a rather uniform response 13 that may be physiologically and pathophysiologically relevant, 31 eg, in hypertension. For example, in aortas from 16-month-old SHR, superoxide production is elevated and sGC protein levels are decreased compared to age-matched WKY. 5 From a therapeutic perspective, it is important that this sequence of events is prevented by the novel vasodilator class of sGC activators, represented by BAY 58-2667. 32 BAY 58-2667 effectively protects sGC from heme oxidation-induced ubiquitination and proteasomal degradation. Most likely, this compound acts by binding to the unoccupied heme pocket of sGC, thereby stabilizing the heterodimer and preventing its degradation. 13, 19, 33 Given its enormous therapeutic potential as an acute vasodilator and cardioprotective agent, a detailed understanding of its mode of action including chronic effects is of high relevance for cardiovascular medicine.
sGC ubiquitination is a key and rate-limiting step of sGC degradation. The relatively low amounts of sGC expressed in primary cells and aorta and the well-known lack of highly sensitive anti-ubiquitin antibodies in the field 34, 35 foil any detailed mechanistic studies addressing the modification of sGC by endogenous ubiquitin. However, our data using sGCoverexpressing cells clearly establish the mechanistic link between oxidation, ubiquitination, and proteasomal degradation.
In the sGC-overexpressing cells, application of BAY 58-2667 completely abolished ODQ-induced sGC ubiquitination and degradation, and potently upregulated sGC levels Figure 5 . Both subunits of sGC are prone to ubiquitination. COS-1 cells expressing ␣ 1 and/or ␤ 1 , as well as HA-Ub, were lysed and immunoprecipitation was performed with anti-␣ 1 (AS558) or anti-␤ 1 (AS556), as indicated. For WB anti-HA, anti-␣ 1 ␤ 1 (AS587/5A5), or anti-GAPDH were used. Representative blots of at least 3 independent experiments are shown. even beyond control. These data clearly point to the existence of both a basal and an ODQ-augmented turnover of sGC. Similar results were obtained when another sGC inhibitor and heme oxidant, NS2028, 25, 26 was used. Although ligands often lead to downregulation and desensitization of their pharmacological targets, 36, 37 the novel sGC activator apparently stabilizes its receptor enzyme. The precise mechanism by which BAY 58-2667 prevents ubiquitin-mediated sGC degradation is presently unclear. Given that BAY 58-2667 and zinc-protoporphyrin IX bind with high affinity to the heme pocket of sGC, 13, 19 it is tempting to speculate that occupation of the heme-binding site by an oxidation-resistant ligand masks a crucial lysine residue in the ␤ subunit serving as the major acceptor site for ubiquitination. In this context, a recent study is of great interest showing that the effects of BAY 58-2667 on sGC activity and stability depend on its unique structural ability to reassemble the spatial structure of the heme moiety within sGC. 38 Interestingly, 2 residues of the ␤ 1 subunit, Y135 and R139, known to be crucial for heme binding also seem to be essential for the stabilizing effects of BAY 58-2667.
The ubiquitin-proteasome pathway is responsible for protein quality control in cells and has emerged as an important player in many intracellular processes. 39 Our experiments show that both sGC subunits are prone to ubiquitination and are degraded via the proteasomal pathway. In this context, it is important to mention that we have identified by MS the monoubiquitinated form of ␤ 1 , however, the typical ladder of protein bands seen with overexpressed HA-Ub clearly points to polyubiquitination of ␤ 1 . Under our experimental conditions, ubiquitination of ␤ 1 was much stronger than that of ␣ 1 , which could be attributable to differences in the avidity of the antibodies used for immunoprecipitation. However, given the tight association between the sGC subunits, it is conceivable that ␣ 1 is cotargeted to the proteasome via ubiquitinated ␤ 1 . Alternatively, ␣ 1 may undergo ubiquitin-independent proteasomal degradation. 40, 41 The former notion is supported by a recent study demonstrating that a splice variant of ␣ 1 lacking its 240 N-terminal amino acids ("C-␣ 1 ") forms C-␣ 1 ␤ 1 heterodimers, which are enzymatically active and appear to be protected against ODQ-induced downregulation. 42 The authors speculate that "stable" C-␣ 1 ␤ 1 may explain the positive vasodilatory effects of BAY 58-2667 in diseased A, Lysates from COS-1 cells overexpressing sGC and myctagged CHIP were used for immunoprecipitation with anti-myc. Immunoprecipitates and cell lysates were analyzed by WB with anti-␣ 1 (AS587), anti-␤ 1 (5A5), or anti-myc. B, COS-1 cells were cotransfected with cDNAs encoding ␣ 1 ␤ 1 , increasing amounts of myc-CHIP (2 to 0 g), and decreasing amounts of myc-RFP (0 to 2 g; control protein). Total cell lysates were probed by WB with anti-␤ 1 (AS566), anti-␣ 1 (AS587), anti-myc, or anti-GAPDH. C, Lysates from COS-1 cells overexpressing ␣ 1 ␤ 1 in the absence or presence of HA-Ub and/or myc-CHIP were used for immunoprecipitation with anti-␤ 1 (5A5). Immunoprecipitates were analyzed by WB with anti-HA and anti-␤ 1 (5A5). Cell lysates were probed with anti-myc, anti-␣ 1 ␤ 1 (AS613/5A5), or anti-HA (Online Figure III, B) . Representative blots of at least 3 independent experiments are shown. blood vessels. 24 It will be intriguing to test for the differential expression of ␣ 1 versus C-␣ 1 under pathological conditions. Finally, we have identified CHIP as a likely candidate for an E3 ligase mediating sGC ubiquitination. These findings are in line with the recent observation that sGC is a CHIP target 43 and that Hsp90-bound CHIP targets glucocorticoid receptor via ubiquitination to the proteasomal machinery. 30 Thus, it appears that simultaneous (and probably independent) binding of CHIP and its targets to molecular chaperones, such as Hsp70 and Hsp90, may allow CHIP to tilt the delicate balance between protein folding and protein degradation, thereby changing the fate of its targets.
Taken together, our results show that physiological sGC protein quality control occurs via the ubiquitin-proteasome machinery. Under heme-oxidizing conditions, where the response of sGC to its physiological activator NO is impaired through oxidation of the central heme iron, sGC is targeted to ubiquitination and proteasomal degradation (Figure 7) . The impairment of the NO/cGMP cascade, eg, during progression of cardiovascular diseases, thus may reflect, in part, degradation of the major intracellular NO receptor sGC. Moreover, our present studies shed new light on the molecular mechanisms by which novel type of sGC activators such as BAY 58-2667 exert their beneficial effects in cardiovascular diseases by stabilizing their receptor, ie, oxidized/heme-free sGC.
